Abstract-One critical step in tumor metastasis is tumor cell adhesion to the endothelium forming the microvessel wall. Understanding this step may lead to new therapeutic concepts for tumor metastasis. Vascular endothelium forming the microvessel wall and the glycocalyx layer at its surface are the principal barriers to, and regulators of the material exchange between circulating blood and body tissues. The cleft between adjacent ECs (interendothelial cleft) is the principal pathway for water and solutes transport through the microvessel wall in health. It is also suggested to be the pathway for high molecular weight plasma proteins, leukocytes and tumor cells across microvessel walls in disease. Thus the first part of the review introduced the mathematical models for water and solutes transport through the interendothelial cleft. These models, combined with the experimental results from in vivo animal studies and electron microscopic observations, are used to evaluate the role of the endothelial surface glycocalyx, the junction strand geometry in the interendothelial cleft, and the surrounding extracellular matrix and tissue cells, as the determinants of microvascular transport. The second part of the review demonstrated how the microvascular permeability, hydrodynamic factors, microvascular geometry and cell adhesion molecules affect tumor cell adhesion in the microcirculation.
INTRODUCTION
Microvascular bed is the primary location where water and nutrients are exchanged between circulating blood and body tissues. Microvessel walls consist mainly of endothelial cells (ECs) (Fig. 1a) . Under normal conditions, the cleft between ECs (interendothelial cleft) is widely believed to be the principal pathway for water and hydrophilic solutes (such as glucose, amino acids, vitamins, hormones) transport across the capillary wall. 61 Direct and indirect evidence indicates that there are junctional strands with discontinuous leakages 14 and fiber matrix components 61, 77 at the endothelial surface (Fig. 1b) . The transport of proteins or other macromolecules was thought to be through vesicle shuttle mechanisms. 61 In disease, large gaps are formed in the microvessel endothelium to allow the passage of plasma proteins and cells such as blood cells and tumor cells. Microvascular permeability is a quantitative measure of how permeable the microvessel wall is to all kinds of substances including water and solutes with a variety of sizes. Under healthy conditions, the microvessel wall maintains a normal permeability to water and small solutes for the material exchange during our body's metabolic processes. While in disease, the integrity of the vessel wall structure can be destroyed and much larger particles such as proteins, leukocytes and tumor cells can transfer through the wall. It is the transvascular pathways at the vessel wall and their structural barriers that determine and regulate the microvascular permeability. Therefore, we first introduce the basic information about transport across microvessels.
MICROVASCULAR INTERGRITY AND TRANSPORT ACROSS CONTINUOUS MICROVESSELS
The ECs lining microvessel walls provide the ratelimiting barrier to extravasation of plasma components of all sizes from electrolytes to proteins. So far, there are three primary pathways observed in the wall of a continuous microvessel by using electron microscopy: intercellular clefts, transcellular pores, and vesicles. Microvessels of different types and in different tissues may have different primary transvascular pathways. Under different physiological and pathological conditions, the primary pathway can be changed for the same microvessel. 61 
Interendothelial (Intercellular) Cleft
The cleft between adjacent ECs is widely believed to be the principal pathway for water and hydrophilic solute transport through the microvessel wall under normal physiological conditions. The interendothelial cleft is also suggested to be the pathway for the transport of high molecular weight plasma proteins, leukocytes and tumor cells across microvessel walls in disease. Direct and indirect evidence (summarized in Michel and Curry 61 ) indicates that there are tight junction strands with discontinuous leakages and fiber matrix components (glycocalyx layer) 22 at the endothelial surface. These structural components of the microvessel wall form the barrier between the blood stream and body tissues, which maintains the normal microvessel permeability to water and solutes. Changes in permeability are caused by the changes in these structural components.
The molecular basis for the passage of molecules at the level of the breaks in tight junctions is more likely to be the localized absence of cell-cell contacts with corresponding loss of a closely regulated molecular sieve as suggested by Weinbaum et al., 88 Fu et al., 31 and Michel and Curry. 61 Thus the junction break-surface matrix model suggests independent mechanisms to regulate the permeability properties of the microvessel wall. The junction break size and frequency is likely to involve regulation of cell-cell attachment via occludin and other junction proteins including the cadherins associated junctions. 25 On the other hand, the regulation of glycocalyx density and organization is likely to involve interaction of the molecules forming the cell surface with the cytoskeleton, and with circulating plasma proteins. Some of the cellular mechanisms underlying these interactions are reviewed in Drenckhahn and Ness 25 and Michel and Curry. 61 Under physiological and pathological conditions, microvessel permeability can be regulated acutely and chronically by mechanisms that are underway to being understood.
Serial section electron microscopy study on frog and rat mesenteric capillaries by Adamson et al. 1 demonstrated that the junction strand was interrupted by infrequent breaks that, on average, were 150 nm long, spaced 2-4 lm apart along the strand, and accounted for up to 10% of the length of the strand under control conditions. At these breaks, the space between adjacent ECs (average~20 nm) was as wide as that in regions of the cleft between adjacent cells with no strands. The luminal surfaces of ECs lining vasculature are coated with a glycocalyx of membrane-bound macromolecules comprised of sulfated proteoglycans, hyaluronic acid, sialic acids, glycoproteins and plasma proteins that adhere to this surface matrix. 69, 83 The thickness of this endothelial surface glycocalyx (ESG) was observed from <100 nm to 1 lm on the microvessels in different tissues and species by using different preparation and observing methods. 21, 37, 56, 59, 61, 77, 84, 86, 92 Although the ESG thickness varies, its density and organization was reported to be the same among different tissues and species. The glycocalyx fiber radius is~6 nm and gap spacing between fibers~8 nm.
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Vesicles
Cytoplasmic vesicular exchange, which behaves like a shuttle bus, is presumed to be the major pathway for transport of plasma proteins and large molecules under normal physiological conditions. 
Transcellular Pores
In response to local tissue injury or inflammation, additional transport pathways for large molecules may be opened (transcellular pores) and existing pathways made less restrictive. The response is complex, and varies among different animals, organs, and tissues. 61 
Transport Coefficients
Aforementioned ultrastructural study using electron microscopy and other methods shows that the microvessel wall behaves as a passive membrane for water and hydrophilic solute transport. 61 The membrane transport properties are often described by KedemKatchalsky equations derived from the theory of irreversible thermodynamics,
where J s and J v are the solute and total volumetric fluxes; DC and Dp are the concentration and pressure difference across the membrane. L p , the hydraulic conductivity, describes the membrane permeability to water. P, the diffusive permeability, describes the permeability to solutes. r f is the solvent drag or ultrafiltration coefficient that describes the retardation of solutes due to membrane restriction, and r d , the reflection coefficient, describes the selectivity of membrane to solutes. In many transport processes, r f is equal to r d 61 and thus we often use r, the reflection coefficient, to represent both of them. R is the universal gas constant and T is the absolute temperature.
Permeability Measurement
All of the permeability measurements have been interpreted in terms of L p , P and r, which are measured experimentally on intact whole organisms (including human subjects), on perfused tissues and organs, on single perfused microvessels, and on monolayers of cultured microvascular ECs. Different experimental preparations have their advantages and disadvantages. Although measurements made on the intact regional circulation of an animal subject (usually using radioactive isotope labeled tracers) suffer from uncertainties surrounding the exchange surface area of the microvessel wall and the values of the transvascular differences in pressure and concentration, they usually involve minimal interference with the microvessels themselves. These studies can provide valuable information concerning microvascular exchange under basal conditions. At the other end are measurements on single perfused vessels. The Landis technique has been used to measure the hydraulic conductivity L p and reflection coefficient r. Quantitative fluorescence microscope photometry is used to measure solute diffusive permeability P. Both of these techniques are described in detail in Michel and Curry. 61 The surface area of the microvessel can be measured directly, as also can the difference in pressure and concentration across the vessel walls. The disadvantages of the single vessel preparation are (1) that they have direct interference with the vessels involved, and (2) that they are usually restricted to a small number of convenient vessel types (e.g., mesenteric vessels on a two dimensional translucent tissue). Direct interference with a vessel whether it is exposure to light or micromanipulation might be expected to increase permeability. However, this concern was allayed when it was shown that L p and P to potassium ions in single muscle capillaries were similar to values based on indirect measurements on the intact muscle microcirculation. 61 Although the rapid growth of EC biology is largely a result of experiments on cultured ECs in vitro (in dishes), there are limitations to the use of monolayers of cultured ECs for gaining direct information about vascular permeability. In general, the in vitro permeability to albumin is 2-10 times larger than that from the in vivo (in live animals) measurement. Although the monolayers of cultured ECs do not completely reflect the permeability characteristics of microvascular endothelium in vivo, they are the most accessible and convenient models for studying the molecular mechanisms by which the microvascular permeability is regulated. The techniques for measuring endothelial monolayer permeability to water and solutes were described in Antonetti et al., 4 Cancel et al., 15 and Li et al.
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TRANSPORT MODELS
1-D Models
Prior to the late 1980s, there were two major onedimensional theories: the pore-slit and the fiber matrix theory, which attempted to correlate cleft structure with the large amount of experimental data for L p , P and r. In microvessels with continuous endothelium, the principal pathway for water and solutes lies between the ECs through the interendothelial cleft. 1-D pore-slit models were developed in terms of the ultrastructure of the cleft.
In the pore-slit theory, the permeability properties of the microvessel wall can be described in terms of flow through water-filled cylindrical pores or rectangular slits through the vessel wall. The characteristic Reynolds number for the flow is in the order of 10 28 .
A Poiseuille type viscous flow was assumed in the pore/ slit to describe the resistance to water flow. The resistance to solute diffusion was described in terms of the additional drag on a spherical molecule moving within the pore relative to movement in free solution, and the selectivity of the membrane in terms of steric exclusion at the pore entrance. 61 In the fiber matrix theory, the principal hypothesis to describe the molecular filter of the transvascular pathway is the fiber matrix theory due to the presence of a glycocalyx layer at the EC surface. Using the stochastic theory of Ogston et al., 66 Curry and Michel 61 described the solute partition coefficient and the restricted solute diffusion coefficient in terms of the fraction of the matrix volume occupied by fibers and the fiber radius. The partition coefficient is defined as the space available to a solute of radius a relative to the space available to water with a = 0. In fact, their expressions for the effective diffusivity of a solute only consider the steric exclusion of solutes by the fiber array; they do not include the hydrodynamic interactions between the fibers and the diffusing solute, which are important when the solute size is comparable to the gap spacing between fibers. Using two approaches, Philips et al. 68 calculated the effects of hydrodynamic interactions on the hindered transport of solid spherical macromolecules in ordered or disordered fibrous media. One approach was a rigorous ''Stokesian-dynamics'' method or generalized Taylor dispersion theory, 11 which can calculate local hydrodynamic coefficients at any position in a fibrous bed. 12 But detailed information about the fiber configuration needs to be given. 61 Another approach was an effective medium theory based on Brinkman's equation. Comparing the calculating results with the experimental data for several proteins transport in hyaluronic acid solutions, they found that the use of Brinkman's equation was in good agreement with the more rigorous methods for a homogeneous fiber matrix. 61 By using a simplified model of the ESG, in which the core proteins in the ESG were assumed to have a circular cylindrical shape and to be aligned in parallel to form a hexagonal arrangement, which was based on recent detailed structural analyses of the ESG, 77 Sugihara-Seki et al. 80, 81 analyzed the motion of solute and solvent to estimate the filtration reflection coefficient as well as the diffusive permeability of the ESG. Later, Zhang et al. 95 studied osmotic flow through the ESG using a method developed by Anderson and Malone 3 for osmotic flow in porous membranes. Instead of a rigorous treatment of the hexagonal geometry of the cylinders, they adopted an approximation in which the geometry is replaced by an equivalent fluid annulus around each cylinder and estimated the osmotic reflection coefficient of the ESG. Further, Akinaga et al.
2 examined the charge effect on the osmotic flow for membranes with circular cylindrical pores by extending the formulation of osmotic flow developed by Anderson and Malone. 3 
3-D Models
Previous 1-D models are based on the random section electron microscopy until 1984. Bundgaard 14 was the first to attempt to reconstruct the 3-D junction strand ultrastructure using serial section electron microscopy. Later, Ward et al. examined the 3-D features of the junction strands of rat cardiac capillaries by using a goniometric tilting technique. Based on the study of Bundgaard 14 and Ward et al., Tsay et al., and Weinbaum et al. 61 proposed a basic 3-D model for the interendothelial cleft. Their 3-D models showed that 1-D models are a poor description of a cleft with infrequent large breaks since the solute will be confined to small wake-like regions on the downstream side of the junction strand discontinuities and thus not fill the wide part of the cleft. The prediction in Weinbaum et al. 61 as to the likely geometry of the large pores in the junction strand was confirmed by the serial section electron microscopic study on frog mesenteric capillaries in Adamson and Michel. 61 According to these new experimental results, a modified combined junction-orifice-fiber entrance layer model (Fig. 2 ), which included a large orifice-like junctional break, a finite region of fiber matrix components at the entrance of the cleft and very small pores or slits in the continuous part of the junction strand, was developed by Fu et al. 36 This combined junction-orifice-fiber entrance layer model predicted that in order to provide an excellent fit for the hydraulic conductivity and the diffusive permeability data for solutes of size ranging from potassium to albumin for frog mesenteric capillaries, there should be a significant fiber layer at the luminal side of the endothelium, and large infrequent breaks of~150 nm and a continuous small slit of several nm in the junction strand in the inter-endothelial cleft. Due to the similarity in morphological wall structure of microvessels in different tissues, 61 this 3-D model can be easily adapted to explain the permeability data in other types of microvessels. 52, 54, 94 Fu et al. 32 in another work described a new approach to explore junction strand structure. The time dependent diffusion wake model in Fu et al. 32 provided a new interpretation of labeled tracer studies to define the permeability pathways for low molecular weight tracers which depend on the time dependent filling of the extravascular space.
In Fu et al. 31 a time dependent convective-diffusion wake model for high molecular weight tracers was proposed to design experiments that can test for the location of the molecular filter. Combined with the experimental results, this model confirmed the role of the ESG as the primary molecular filter to large molecules and particles. Hu and Weinbaum 61 also showed that coupling of water flow to albumin flux on the tissue side of the ESG could give rise to a nonuniform distribution of albumin concentration and a corresponding nonuniform distribution of effective osmotic pressure. Similar model for oncotic pressures opposing filtration across rat microvessels 1 further conforms the hypothesis that colloid osmotic forces opposing filtration across non-fenestrated continuous capillaries are developed across the ESG and that the oncotic pressure of interstitial fluid does not directly determine fluid balance across microvascular endothelium.
Effects of Charge Carried by the Endothelial Surface Glycocalyx
Due to the composition of the ESG, it carries negative charge 61, 93 and would affect the permeability and selectivity of the microvessel wall to water and solutes. 71, 72 Previously, a simple 1-D Donnan-type model was proposed to describe the charge effect on microvessel permeability. 61 It was based on a Donnan equilibrium distribution of ions, which exists as a result of retention of negative charges on the capillary membrane. Later, an electrochemical model was proposed by Damiano and Stace 23 for the transport of charged molecules through the capillary glycocalyx without considering transport through the cleft region. To investigate the charge selectivity on microvessel permeability, Fu et al. 30 extended the 3-D junctionorifice-fiber matrix model developed by Fu et al. 36 for the interendothelial cleft to include a negatively charged glycocalyx layer at the entrance of the interendothelial cleft. Both electrostatic and steric exclusions on charged solutes are considered at the interfaces of the glycocalyx layer between the vessel lumen and between the endothelial cleft. The effect of electrostatic interactions between charged solutes and the matrix on solute transport is also described within the glycocalyx layer. Their model can successfully explain the observations in Michel and Curry. 61 Recently, an electrodiffusion-filtration model was developed to describe the transport of negatively charged macromolecules, bovine serum albumin, across venular microvessels in frog mesentery. 19 A very interesting prediction is that the convective component of albumin transport is greatly diminished by the presence of a negatively charged glycocalyx. Most recently, Li et al. 52 has developed a model for the charge effect of the ESG and the basement membrane between the endothelium and astrocyte foot processes on the transport across the blood-brain barrier.
Bhalla and Deen 9 studied the effects of charge on osmotic reflection coefficients of macromolecules in porous membranes. Sugihara-Seki et al. 82 proposed an electrostatic model to predict the effects of surface charge on the osmotic reflection coefficient of charged spherical solute across the ESG, based on the combination of low-Reynolds-number hydrodynamics and a continuum description of the electric double layers. The ESG was assumed to consist of identical circular cylinders with a fixed surface charge, aligned parallel to each other so as to form an ordered hexagonal arrangement. Their model predicts that the charge of [30] [31] [32] 36 ). The fiber matrix (surface glycocalyx) carries negative charge due to its molecular composition. 69, 83 The charge density of the surface glycocalyx is in the range of 20-30 mEq/L for mesenteric and brain microvessels. 30, 52 the ESG contributes significantly to the microvessel reflection coefficient to albumin, which was reported in Michel and Curry. 61 
MICROVASCULAR HYPERPERMEABILITY AND TUMOR METASTASIS
The danger of cancer is organ failure caused by metastatic tumors that are derived from the primary tumor.
78 One critical step in tumor metastasis is adhesion of primary tumor cells to the endothelium forming the microvascular wall in distant organs. Understanding this step may lead to new therapeutic concepts for tumor metastasis targeting tumor cell arrest and adhesion in the microcirculation. Microvascular hyperpermeability due to compromised microvessel wall integrity by inflammatory agents and cytokines is one factor that increases tumor cell adhesion to the microvessel endothelium.
VEGF Effect on Microvascular Integrity
Vascular endothelial growth factors (VEGFs) are a family of cytokines that act to increase the delivery of nutrients to tissue by three distinct mechanisms: (a) EC growth, migration, and new blood vessel formation (angiogenesis) 26 ; (b) increased blood flow (by vasodilatation) 7 ; and (c) increased vascular permeability to water and solutes. 6, 26, 33, 34, 45, 70, 89 Combining in vivo permeability measurement and a mathematical model for the interendothelial transport, Fu et al. 33 predicted that acute effects of VEGF on microvascular integrity are widened gap opening of the inter-endothelial cleft and partial degradation of the ESG. Longer term effects of VEGF include formation of gaps between adjacent ECs in venular microvessels, 60 vesiculovascuolar organelle pathways, 29 transcellular pores, 29, 62 and fenestra. 29, 70 Fu et al. 35 also found that the VEGF-induced microvascular hyperpermeability can be abolished by enhancing intracellular levels of adenosine 3¢,5¢-cyclic monophosphate (cAMP), which strengthens the microvessel integrity by increasing the number of junction strands in the cleft between ECs forming the microvessel wall.
VEGF Effect on Tumor Cell Adhesion
Previous studies have found that many cancer cells express VEGF to a high degree, 51 while the microvascular endothelium has abundant VEGF receptors including VEGFR2 (KDR/Flk-1).
65 VEGFR2 has been implicated in normal and pathological vascular EC biology. 67 Recently, it has been shown that ectopic administration of VEGF, enhances the adhesion and transmigration of human breast cancer MDA-MB-231 51 In addition, VEGF enhances the adhesion of malignant MDA-MB-435 cells and ErbB2-transformed mouse mammary carcinomas to intact rat mesenteric microvessels under flow in vivo 75 (Fig. 3) .
Integrin Signaling, Cell Adhesion Molecules and Tumor Metastasis
Although the non-specific trapping due to the friction between the tumor cells and the narrow part of microvasculature is found to be responsible for the initial tumor cell arrest, 38, 41, 47, 64 the cell adhesion molecules are required for the adhesion in larger microvessels and transmigration. 13 42, 46 and adhere. 28 The a6b4 integrin is a laminin-5 receptor and was originally described as a ''tumor-specific'' protein, because of its apparent upregulation in multiple metastatic tumor types. 39 The b4 integrin is unique among integrins, because the cytoplasmic portion of the b4 subunit is 1017 aminoacid-long and possesses distinctive adhesive and signaling functions. 39 Upon binding of the ectodomain of b4 to the basement membrane protein laminin-5, the cytoplasmic portion of b4 interacts with the keratin cytoskeleton to promote the assembly of hemidesmosomal adhesions. 57 In addition, b4 activates intracellular signaling autonomously as well as by associating with multiple receptor tyrosine kinases (RTKs), including the EGFR, ErbB2, Met, and Ron. 42, 63 Deletion of the b4 signaling domain delayed mammary tumor onset and inhibited primary tumor growth. The tumors arising in mutant mice were significantly more differentiated histologically as compared to control tumors. In addition, primary tumor cells expressing signaling-defective b4 displayed a reduced proliferative rate and invasive ability and underwent apoptosis when deprived of matrix adhesion. Finally, upon injection in the tail vein of nude mice, the mammary tumor cells expressing mutant b4 exhibited reduced ability to metastasize to the lung. 43 Most recently, Fan et al. 28 examined the adhesion of ErbB2-transformed mammary tumor cells to mouse brain microvascular endothelial monolayer. They found that integrin b4 signaling does not exert a direct effect on adhesion to the endothelium or the underlying basement membrane. Rather, it enhances ErbB2-dependent expression of VEGF by tumor cells. VEGF in turn partially disrupts the tight and adherens junctions that maintain the adhesion between ECs, enabling tumor cells to intercalate between ECs and extend projections reaching the underlying exposed basement membrane, and enabling the adhesion between cell adhesion molecules (e.g., integrins) and ECM proteins (e.g., laminins).
TUMOR CELL ADHESION IN THE MICROCIRCULATION
In vitro static adhesion assays have been utilized to investigate tumor cell adhesion to ECs 27, 51 and to ECM proteins. 43 Tumor cell adhesion has also been investigated using flow chambers 20, 40, 76 or artificial blood vessels 13 to address flow effects. Direct injection of tumor cells into the circulation has enabled the observation of tumor cell metastasis in target organs after sacrificing the animals, 73 while intravital microscopy has been used to observe the interactions between circulating tumor cells and the microvasculature both in vivo and ex vivo. 
Tumor Cell Adhesion Under Flow
Tumor cell extravasation is a dynamic process in which tumor cell adhesion to the vascular endothelium and transendothelial migration occurs under flow conditions. Therefore, the geometry of microvasculature and the local hydrodynamic factors, along with the cell adhesion molecules at the tumor cell and EC should play a crucial role in tumor cell adhesion and extravasation. Tumor cells are exposed to flow while (a) circulating from the primary tumor, (b) arresting on downstream vascular endothelium, and (c) transmigrating into the secondary target organ. Investigations of the role of shear flow in tumor cell adhesion and extravasation will contribute to the understanding of the complex process of tumor metastasis. Tumor cell extravasation would normally occur in the microvasculature where shear forces are relatively low (like in post-capillary venules) although of sufficient magnitudes to activate cell surface receptors and alter vascular cell function. During tumor cell extravasation there are significant changes in the structure and function of both tumor and ECs. For example a significant rearrangement of the cell cytoskeleton is required in both the tumor cells during migration 50 and in the ECs as the barrier function is altered. 85 The extravasation of tumor cells also induces EC remodeling. 47 In an in vitro flow chamber study, Slattery et al. 76 found that the shear rate, rather than the shear stress, plays a more significant role in PMN (polymorphonuclear neutrophils)-facilitated melanoma adhesion and extravasation. b2 integrins/ICAM-1 adhesion mechanisms were examined and the results indicate LFA (lymphocyte function-associated)-1 and Mac-1 (CD11b/CD18) cooperate to mediate the PMN-EC (endothelial cell)-melanoma interactions under shear conditions. In addition, endogenously produced IL-8 contributes to PMN-facilitated melanoma arrest on the EC through the CXC chemokine receptors 1 and 2 (CXCR1 and CXCR2) on PMN. 55, 76 To investigate tumor cell adhesion in a wellcontrolled in vivo system, Shen et al. 75 and Yan et al.
90
used intravital video microscopy to measure the adhesion rate of malignant MDA-MB-435 and 231 cells in straight and curved post-capillary venules on rat mesentery. A straight or curved microvessel was cannulated and perfused with tumor cells by a glass micropipette at a velocity of~1 mm/s, which is the mean normal blood flow velocity in this type of vessels. At <10 min after perfusion, there was a significant difference in cell adhesion to the straight and curved vessel walls. In 60 min, the averaged adhesion rate in the curved vessels was~1.5-fold of that in the straight vessels. In 51 curved segments, 45% of cell adhesion was initiated at the inner side, 25% at outer side, and 30% at both sides of the curved vessels. To investigate the mechanical mechanism by which tumor cells prefer adhering at curved sites, Yan et al. 90 performed a computational study, in which the fluid dynamics was carried out by the lattice Boltzmann method (LBM), and the tumor cell dynamics was governed by the Newton's law of translation and rotation. The details of this multi-scale modeling are summarized below.
Mathematical Models for Tumor Cell Adhesion in the Microcirculation
General Cell Adhesion Models
The extensive studies on biophysical experiments of cell adhesion have led to the development of a number of mathematical models. The construction and application of these models have demonstrated that it is possible to analyze cellular and molecular processes by highly quantitative approaches. 96 Hammer and Apte 44 proposed a mathematical model to simulate the interaction of a single cell with a ligand-coated surface under flow. This model can simulate the effect of many parameters on adhesion, such as the number of receptors on microvilli tips, the density of ligands, the rates of reaction between receptors and ligands, the stiffness of the resulting receptor-ligand springs, the response of springs to strains, and the magnitude of the bulk hydrodynamic stresses. The model can successfully recreate the entire range of expected and observed adhesive phenomena, from completely unencumbered motion, to rolling, to transient attachment, and to firm adhesion. Moreover, this model can generate meaningful statistical measures of adhesion, including the mean and variance in velocity, rate constants for cell attachment and detachment, and the frequency of adhesion. King and Hammer 48 used the completed double-layer boundary integral equation method to study the adhesive interactions between multiple rigid particles and a planar boundary in a viscous fluid. The simulation results revealed a mechanism for the capture of free-stream cells when an initial cell has adhered to provide a nucleation site. Wang et al. 87 developed a population balance model for cell aggregation and adhesion process in a non-uniform shear flow, and they carried out Monte Carlo simulation based on the model for the heterotypic cell-cell collision and adhesion to a substrate under dynamic shear forces. Shao and Xu 74 numerically studied the adhesion between a microvillus-bearing cell and a ligand-coated substrate by using Monte Carlo method. They found that most of the adhesion was mediated by a single bond if the total adhesion frequency was <20%.
Mathematical models of cell adhesion relate the forward and reverse reaction rates for receptor-ligand bonds. These reaction rates laws for cell adhesion have been defined as 'adhesive dynamics models', which can be used to couple the effect of receptor-ligand bonds on cell adhesion. Figure 4 shows the schematic view of adhesive dynamics model for the cell. In this model, the cell adhesion molecules on the surface of circulating cell are defined as receptors, and these on the surface of ECs are defined as ligands. Once the distance between receptor and ligand is smaller than the critical length H c , it has the chance to form receptorligand bonds. Interactions between receptors and ligands are realized by the ideal adhesive springs, and the spring forces are calculated via the compression or expansion of these springs. This dynamic process relates the bond association and dissociation rate of adhesive dynamics models. The following are the two typical cell dynamic models.
Bell's Model
This model 8 was validated to be a good approximation for different states of cell adhesion in the straight microvessels, such as no adhesion, rolling, landing, and firm adhesion. 16 In this model, the association rate of the bond is 84 s 21 , which is a reasonable value that extensive simulations have shown can properly recreate experimental values for velocity and dynamics of rolling in the straight microvessels. 18 As to the dissociation rate of the bond, Bell 8 adapted the kinetic theory of the strength of solids and proposed a constitutive relation between dissociation rate and force. Therefore, the bond association rate k f and bond dissociation rate k r are,
where k b is the Boltzmann constant, T the absolute temperature, k r 0 the unstressed dissociation rate, and c the reactive compliance that describes the degree to which force facilitates bond breakage. Both k r 0 and c are the functional properties of adhesion molecules. f is the spring force of each bond which can be obtained according to the Hooke's law:
where r is the spring constant, v is the distance between the end points of receptor and ligand, and k is the equilibrium bond length.
Dembo et al.'s Model
Dembo et al. 24 modeled a piece of membrane with immobile discrete bonds and allowed the membrane to detach. They did this by letting the applied tension exceed the bond stress. This model can be used to predict the critical membrane tension required for detachment, and the resulting peeling velocities of the membrane. The main contribution of this model is the expression for the rate constants as a function of distance between the membranes. Dembo et al. 24 demonstrated the reasonable, thermodynamically consistent rate expressions relating the bond association rate k f and bond dissociation rate k r to v as,
where k f 0 and k r 0 are the reaction rate constants when the spring is at its equilibrium length, and r and r ts is the spring constant and ''transition state'' spring constant, respectively.
Once the forward association rate and the reverse dissociation rate of the bond are known, the appropriate expressions for the probability of formation and breakage of the bond tethers in a time step dt can be obtained by Chang and Hammer,
where P f is the probability of forming a bond, and P r is the probability of breaking a bond in a time interval dt. Recently, these adhesive dynamic models were adapted to describe tumor cell adhesion in the microcirculation on the basis of experimental observations. The major results are presented below.
Model Predictions for Tumor Cell Adhesion in the Microcirculation
Effect of Curvature
It has been found that both the circulating blood cells and tumor cells prefer to adhere to the curved microvessels than the straight ones. 58, 90 To study the effect of vessel curvature on tumor cell adhesion, Yan et al. 91 carried out numerical simulation using the scheme proposed by Hammer and Apte, 44 which was based on Dembo et al.'s model. 24 They compared the variation of cell velocity and rotational velocity, calculated the force acting on the cell, and computed the bonds formed during the cell migration process between straight and curved microvessels. The higher number of bonds means there is a higher opportunity for a cell to adhere to the vessel wall. For a single cell in a straight vessel, after off and on interactions between the circulating cell and ECs forming the vessel wall, the steady bonds are formed throughout the journey; for a single cell in a curved vessel, the cell v is the repulsive van der Waals force which can be derived by the Derjaguin approximation, 10 F * s is the total spring force that contributed by the adhesive receptor-ligand bonds, and T h and T s are the torques induced by the hydrodynamic force and spring force, respectively. e is the bond length. From Yan et al. 90, 91 adhesion only takes place at the positive curvature wall, once leaving the positive curvature wall, the cell moves as a free cell, and there is no cell adhesion in the negative curvature wall at all. To compare the probability of cell adhesion between the straight and curved microvessels, they calculated the statistics of bonds number, the probability of each bond number occurring, and the ratio of these two probabilities as shown in Fig. 5 . It can be found that, for the smaller bonds number, the probability in the straight vessel is larger than that in the curved vessel, and the turning point is at bonds number being 5 with the probability of 25.5%. For the larger bonds number, i.e., the bonds number larger than 5, the probability in the curved vessel is obviously higher than that in the straight vessel, and the larger the bonds number, the higher the probability in the curved vessel. It is understandable that the final cell adhesion depends on the number of bonds, the more the simultaneous bonds form, the higher probability the cell adheres to the vessel wall. Therefore the vessel curvature has a significant influence on the cell adhesion.
The blood flow always involves multiple cells, and the interaction of the cells would affect the cell adhesion and migration. For two cells in a straight vessel, due to the interaction between cells, the number of bonds is more than twice that in the single cell case; for two cells in a curved vessel, the number of bonds increases significantly as well, the number of bonds changes dramatically during the whole process, and similar to the single cell, the bonds form in the negative curvature wall. From the statistical comparison of bonds number as shown in Fig. 6 , similar to the single cell case, at lower bond numbers, the straight vessel has higher probability to form the bonds. The turning point is at the bonds number of 8. When the bond number is larger than 8, the curved vessel has more chances to form bonds between cell and the ECs at the vessel wall. At higher bonds number, e.g., bonds number of 21 or more, the bond forming probability of the curved vessel can be five times that of the straight vessel. The final cell adhesion is actually dependent on the simultaneous bond forming. The higher the bonds number, the more likely cell adhesion occurs. Therefore, the cell, particularly under the interaction of other cells, has higher probability to adhere to the ECs in the curved vessel than in the straight vessel.
Effect of Wall Shear Stress
At the curved sites, there are rather complicated distributions of wall shear stress, and the wall shear stress or its variation may activate receptor-ligand bond forming, which appears to render these sites to be prone to catch cells. Based on the experimental observation, Yan et al. 90 revised the Bell's model by integrating the effect of wall shear stress and its gradient, respectively. The models are:
Case 1: The bond association/dissociation rates are related to shear stress:
Case 2: The bond association/dissociation rates are related to shear stress gradients:
where s and s 0 are the wall shear stress along the curved vessel and along the straight vessel, respectively, and ds/dl is the wall shear stress gradient along the curved vessel. k 1 , k 2 and k 3 , k 4 are coefficients that represent the sensitivity of wall shear stress and its gradient to bond association/dissociation rates, respectively. Case 3: Use the same model as case 2. Only the jumps or drops in the wall shear stress gradient can trigger the change of bond association/dissociation rates. Once triggered, the association/dissociation rates will keep the maximum/minimum value until the next wall shear stress gradient jump or drop occurs. Figure 7 shows the cell trajectory for these three cases where the denser trajectory indicates a slower motion and the coarse trajectory a faster motion. For case 1, The denser trajectory occurs between A b and B b due to the centrifugal effect; and the coarser trajectory happens between C b and D b , indicating a faster cell motion due to the decrease in k f and increase in k r , both of which result from the drop of wall shear stress. For case 2, the denser trajectory occurs near the conjunction B b , indicating a slower cell motion there due to the stronger adhesive effect caused by the large jump in the wall shear stress gradient at B b . Another denser trajectory happens near the conjunction C b where the shear stress gradient has a sudden drop. This slower cell motion is not due to the adhesive effect but due to the centrifugal effect. The coarser trajectory exists in the positive curvature vessel (between B b and C b ), indicating a faster cell motion due to the centrifugal effect. For case 3, when the cell approaches the conjunction B b , the cell moves slower and slower, which is represented by a black band in the cell trajectory. Generally, the positive wall shear stress/gradient jump would enhance tumor cell adhesion while the negative wall shear stress/gradient jump would weaken tumor cell adhesion. The wall shear stress/gradient, over a threshold, had a significant contribution to tumor cell adhesion by activating or inactivating cell adhesion molecules. These results explain why the tumor cell adhesion prefers to occur at the positive curvature of curved microvessels with very low Reynolds number (in the order of 10 22 ) laminar flow. In general, the revised Bell's models are capable of simulating the tumor cell adhesion phenomenon in the curved microvessel. From a physiological point of view, it can be deemed that the binding affinity of cell adhesion molecules would be enhanced or weakened by the variation of wall shear stress. The data in the literature have shown that the initial arrest of tumor cells in normal organs is resulted from the non-specific friction between tumor cells and microvessel wall 38, 41, 47, 64 in narrow microvessels but the tumor-EC adhesion in larger microvessels needs specific molecules. 13, 28, [38] [39] [40] 46, 51, 55, 73, 75, 76, 78 The data from Yan et al. 90, 91 support the idea that the tumor cell adhesion requires a critical wall shear stress/gradient in the curved microvessel, once the wall shear stress/gradient is superior to the critical value, it would trigger the bond association/dissociation rates to change.
SUMMARY AND FUTURE STUDY
Although transport across endothelium is a classical problem that has been investigated for more than several decades, the fundamental questions related to the structure-transport function of the microvessel wall and the interaction between the circulating cells and the cells forming the wall still remain unclear. With the help from mathematical models for more accurate interpretations and predictions, new techniques involving transgenic animals with fluorescent proteins expressed ECs and circulating blood and tumor cells, new fluorescent dyes for labeling the structural components of transvascular pathways, intravital and electron microscopy, and new developments in molecular biology and biochemistry will lead to more fascinating discoveries in this field.
One problem that has not been investigated thoroughly is the selectivity of the microvessel wall to solutes with various sizes, shapes, and charges, especially in the glycocalyx layer. New models are expected to elucidate the interactions between solutes and the fiber matrix as well as between solutes when the solute size is very close to the gap spacing between fibers and when the solution is no longer dilute. Another problem is the development of models for dynamic water and solute transport through multi-transvascular pathways including intercellular, transcellular, fenestrae and vesicle routes. They are important for predicting the malfunction in the transvascular process in disease. The third problem is to create transvascular models for cells such as leukocytes and cancer cells. The current multi-scale cell adhesion model can be revised to include the mechanical properties and morphological changes of adherent and ECs in developing the cell transmigration models. The cell transport is crucial in many physiological and pathological processes including inflammatory response and tumor metastasis.
